Background: Previous studies have shown that ibuprofen is detrimental to tissue healing after acute injury; however, the effects of ibuprofen when combined with noninjurious exercise are debated.
In the United States, acetaminophen, ibuprofen, and aspirin are the top 3 drugs consumed by adults. 12 Athletes are a subpopulation among whom the use of nonsteroidal antiinflammatory drugs (NSAIDs) has become commonplace. Specifically, many athletes self-diagnose and self-treat with these over-the-counter products or use them prophylactically to promote recovery and alleviate pain: 75% of high school football players had used NSAIDs in the previous 3 months, while NSAID use among Olympic athletes was second only to vitamin supplement use. 7 Furthermore, 95.7% of college football players have used NSAIDs such as ibuprofen. 11 Previous studies (eg, Connizzo et al 8 ) have shown that after acute tendon injury, administration of ibuprofen, which inhibits cyclooxygenase 1 and 2 (COX-1 and COX-2) of the arachidonic acid inflammatory cascade, is detrimental, suggesting that early inflammation is a required component of successful tissue healing.
A mild inflammatory response may also be important in the adaptation of musculoskeletal tissues to chronic, noninjurious exercise; however, current literature on the effects of ibuprofen on tissue adaptations is equivocal. For example, in a plantaris overload model in rats, one study found 50% decreased muscle hypertrophy with administration of ibuprofen. 28 Although the plantaris overload model is frequently used, its rapid rate of muscle hypertrophy does not mimic the normal rate of human hypertrophy with exercise, 4 which supports the use of a more clinically relevant model. In another study, ibuprofen administered to mice undergoing 4 weeks of wheel running eliminated the correlation between run distance and skeletal muscle adaptations. 14 In contrast, after chronic resistance training in older adults, ibuprofen administration increased muscle hypertrophy and strength but did not affect tendon cross-sectional area or strain. 5, 29 Furthermore, previous studies have not been performed specifically on the supraspinatus, a commonly injured tissue of the rotator cuff. Since it has been well established that muscles and tendons are uniquely adapted to their function, it is critical to examine tissue-specific responses. Overall, little is known about the interaction between ibuprofen, a commonly consumed drug, and the response of supraspinatus muscle and tendon to exercise. Therefore, the objective of this study was to determine the effects of ibuprofen on the adaptations of supraspinatus tendon and muscle in a rat model of exercise. We hypothesized that administration of ibuprofen would abolish the beneficial adaptations found with exercise, which include enhanced tendon mechanical properties, muscle fiber hypertrophy, and increased oxidative muscle fiber type, but would have no effect on sedentary muscle fiber cross-sectional area or fiber type distribution and tendon mechanical properties, organization, cell shape, or cellularity.
METHODS

Study Design and Treadmill Protocols
After approval was granted by the University of Pennsylvania Institutional Animal Care and Use Committee, 167 male, Sprague-Dawley rats (weight, 400-450 g at start of study) were divided into cage activity (CA) or exercise (EX) groups. These groups were further divided into an acute response time or 2 chronic response times, with half of the animals in each subgroup receiving ibuprofen (IBU). The acute response group represented a short-term response (24 hours) after a single bout of exercise, whereas the chronic response groups represented a long-term, adaptive response (after 2 or 8 weeks). Additional details describing these groups are below. The nondrug comparison groups were a subset of another study performed in the same time frame by the same personnel. Animals in the IBU subgroups were trained to drink from a needleless syringe 2 and were administered berry-flavored, liquid ibuprofen for children (Major Pharmaceuticals) at 20 mg/kg orally every 12 hours as previously described. 8 To investigate the acute effects of ibuprofen on muscle and tendon, animals in the acute response EX group underwent 2 weeks of progressive, downhill treadmill training to acclimate to the treadmill, as previously described. 23 After 72 hours of rest, acute response EX animals underwent a single treadmill exercise session at a constant speed of 10 m/min for 1 hour on a flat treadmill. These animals were then euthanized by controlled flowrate carbon dioxide 24 hours after completion of their single bout of exercise (EX24). Animals in the IBU subgroup (EX24IBU) began receiving ibuprofen 24 hours before the start of their single bout of exercise and continued receiving ibuprofen every 12 hours until euthanized (5 doses total). A separate group of animals maintained normal cage activity for the 2-week duration and received 5 doses of ibuprofen (every 12 hours) until euthanized 1.5 hours after their last dose of ibuprofen (CA24IBU). These animals were compared with a cage activity subgroup that did not receive ibuprofen (CA24) ( Figure 1A ).
For investigation of the chronic effects of ibuprofen on muscle and tendon adaptations to exercise, animals in the chronic EX groups underwent 2 weeks of flat treadmill acclimation and then walked on a flat treadmill at a constant speed of 10 m/min, 1 hour per day, 5 days per week 22 for 2 weeks (EX2) or 8 weeks (EX8). Control animals maintained normal cage activity for this duration (CA2, CA8). Animals in the IBU subgroups received ibuprofen every 12 hours, 7 days per week for the 2-or 8-week duration (EX2IBU, EX8IBU, CA2IBU, CA8IBU) ( Figure 1B ).
For both acute and chronic EX groups, inclusion was set to .75% completion of the total treadmill protocol. Animals that completed \10% of the treadmill protocol (they did not even complete the 2 weeks of treadmill training and were removed before beginning the exercise protocol) were included in the CA groups.
This study was designed to test hypotheses specific to the effect of ibuprofen, separately for CA and EX groups; therefore, comparisons were not made between activity levels. The study was designed to answer the following specific, clinical questions: (1) Can sedentary individuals take ibuprofen without damaging supraspinatus tendon and muscle properties? (2) Can active individuals or athletes take ibuprofen without negating the beneficial adaptations of the supraspinatus in response to exercise? This study did not address supraspinatus tendon and muscle responses to exercise per se, but rather it measured tissue responses to ibuprofen at different activity levels. Furthermore, rats continue to grow throughout their lifetime, making comparisons between time points inappropriate, and the inclusion of time-matched control groups allowed for rigorous comparisons specific to the effect of ibuprofen separately at each time point.
From every animal, each shoulder was designated to muscle/tendon histologic assessment or tendon mechanical testing. Tendon mechanical testing was not performed on the CA24 or CA24IBU groups in an effort to reduce the number of required animals. Tendon histologic changes typically precede mechanical changes, and 2 days is very little time for a tendon to respond with detectable changes in mechanical properties without direct injury or perturbation. At the time of euthanasia, animals were weighed, shoulders allotted to histologic assessment were dissected, and the supraspinatus muscle was cut transversely through the midbelly. This muscle piece was pinned to Styrofoam to maintain muscle architecture, covered in optimum cutting temperature (OCT) compound and immediately flash-frozen in liquid nitrogen-cooled isopentane. The specimens were stored at 280°C until frozen sectioning. The remaining humeral head-supraspinatus tendon-muscle half was immediately placed in formalin for fixing. For mechanical testing, the animals were stored at 220°C, and the shoulders were dissected and prepared at the time of testing.
Tendon Mechanical Testing
For tendon mechanical testing, animals were thawed, and the left shoulder was dissected, with the supraspinatus tendon kept attached to its bony insertion on the humerus. Verhoeff stain lines for optical strain measurements were placed at the bony insertion site and 2, 4, and 8 mm proximally. Tendon cross-sectional area was measured with a custom laser device. 19 Cyanoacrylate was used to fix the tendon between 2 pieces of sandpaper at the 8-mm stain line and gripped with a custom screw clamp. Humeri were potted in polymethyl methacrylate (PMMA), and a custom fixture secured the potted humerus for testing with an ElectroPuls E3000 materials testing machine (Instron) affixed with a 250-N load cell and a linear variable differential transformer (LVDT) for increased displacement resolution. Tendons were submerged in a 37°C phosphate-buffered saline (PBS) bath and underwent the following testing protocol: (1) preconditioning (10 triangle cycles from 1% to 1.5% strain at 0.25 Hz and then held at gauge length for 300 seconds), (2) stress-relaxation at 4% strain held for 300 seconds, (3) frequency sweep (0.1, 1, 2, 10 Hz) of 10 sine cycles with amplitude of 0.125% strain, (4) return to gauge length and held for 60 seconds, (5) stress-relaxation at 8% strain held for 300 seconds, (6) recovery to 4% strain held for 300 seconds, (7) return to 8% strain and held for 300 seconds, (8) frequency sweep (0.1, 1, 2, 10 Hz) of 10 sine cycles with amplitude of 0.125% strain, (9) return to gauge length and held for 180 seconds, and (10) ramp to failure at 0.3% per second. Due to slip in the fixture that occurred near 4% strain, only the 8% data were analyzed (steps 5, 8, 10).
Local 2-dimensional Lagrangian strain of the tendon relative to the bone during the ramp to failure was measured by tracking the stain lines with a custom MATLAB program (MathWorks). Stiffness was calculated as the slope of the linear region of the load-displacement curve, and elastic modulus In the acute group, the cage activity (CA) subgroup maintained normal cage activity, received 5 doses of ibuprofen (IBU), and were euthanized 1.5 hours after their last dose of the drug (CA24IBU); these rats were compared with rats that did not receive ibuprofen (CA24). The exercise (EX) subgroup underwent 2 weeks of treadmill training followed by 72 hours of rest and were euthanized 24 hours after completion of a single bout of exercise (EX24); these animals were compared with rats that received ibuprofen beginning 1 day before their exercise session and continuing until euthanized (EX24IBU). (B) For analysis of chronic effects, the control subgroups maintained normal cage activity for an early (2 weeks: CA2) or a later (8 weeks: CA8) time point, and the exercise subgroups underwent 2 weeks of treadmill training followed by 2 weeks (EX2) or 8 weeks (EX8) of the exercise protocol. Animals in the IBU groups received ibuprofen every 12 hours, 7 days per week for the 2-or 8-week duration (CA2IBU, CA8IBU, EX2IBU, EX8IBU). Assays were performed on supraspinatus: tendon mechanics (M), tendon histology (TH), and muscle histology (MH).
was calculated as the slope of the linear region of the stressstrain curve. Percentage relaxation was calculated as the percentage change in the load after 300 seconds of relaxation. The dynamic modulus (|E*|; ratio of the stress-to-strain amplitude) and tangent of the phase angle between the stress and strain (tan(d); ratio of the loss-to-storage modulus, a measure of viscoelasticity) were calculated by use of the middle 5 sine cycles at each frequency.
Tendon Histologic Assessment
After being fixed in 10% buffered formalin, bone-tendonmuscle units were decalcified in formic acid decalcifier (Immunocal; American MasterTech) and then processed, embedded in paraffin, and sectioned at 7 mm. Sections were stained with hematoxylin and eosin, and the tendon midsubstance was imaged at 3200 magnification and used for traditional (acute and chronic response groups) and polarized light microscopy (chronic response groups only). Cell density (cells/mm 2 ) and cell shape (aspect ratio 0-1, with 1 being a circle) were quantified by use of commercial software (Bioquant Osteo II). Custom MATLAB software was used to analyze the polarized light images and calculate the circular standard deviation, a measure of the spread of collagen fiber alignment. 9
Muscle Histologic Assessment
Muscle specimens were cryosectioned at 10 mm, transverse to the muscle fibers. For morphological analysis, sections were stained with an anti-laminin polyclonal antibody produced in rabbit (Sigma-Aldrich), incubated with Alexa Fluor 488 goat anti-rabbit secondary antibody (Life Technologies), mounted and cover-slipped with ProLong Gold antifade reagent with 4#,6-diamidino-2-phenylindole (DAPI) (Life Technologies), and visualized with epifluorescence on an Eclipse 90i microscope (Nikon). Six images were acquired at 3100 magnification per specimen (resulting in analysis of 450 fibers per specimen). The centrally nucleated fibers (CNFs) were counted, and the number was divided by the total number of fibers to determine percentage. The total average fiber cross-sectional area was analyzed with a MAT-LAB application. 27 For fiber type analysis on the chronic response groups, sections were simultaneously stained with anti-myosin heavy chain (MyHC)-1 BA-DF, MyHC-IIa SC-71, and MyHC-IIb BF-F3 antibodies 25 (Developmental Studies Hybridoma Bank, University of Iowa), and antilaminin antibody (Sigma-Aldrich). MyHC-IIx fibers were left unstained and were not analyzed for cross-sectional area. Sections were incubated with secondary antibodies: Alexa Fluor 546 goat anti-mouse IgM (Life Technologies), DyLight 405 goat anti-mouse IgG 2b (Jackson Immuno), Alexa Fluor 488 goat anti-mouse IgG 1 (Jackson), and Alexa Fluor 647 goat anti-rabbit IgG (Jackson). Stained sections were mounted and cover-slipped with ProLong Gold antifade reagent without DAPI (Life Technologies). As previously described, the rat supraspinatus muscle fiber type distribution differs in the superficial and deep layers of the muscle 3 ; therefore, fiber types of these 2 regions were analyzed separately, and 3 images at 3100 magnification were captured for each region. These images were analyzed with a MATLAB application for muscle fiber type distribution and cross-sectional area. 27 
Statistics
Statistical analysis was performed based on our hypotheses. To determine the effects of ibuprofen on muscle and tendon adaptations, t tests were used to compare IBUtreated and non-drug-treated groups separately for CA and EX at each time point. Comparisons between time points were inappropriate due to the significant animal growth that occurs. Significance was set to P .05.
RESULTS
Tendon Mechanics
At 24 hours after a single bout of exercise, ibuprofen decreased the tendon cross-sectional area and increased the modulus (Figure 2, A and B) . At 2 Hz, administration of ibuprofen increased tan(d) (see Appendix Figure A1 , available online at http://ajsm.sagepub.com/supplemental). No other mechanical properties were changed acutely, supporting the decision to not perform tendon mechanical analysis on CA24 and CA24IBU groups.
Chronic administration of ibuprofen in the CA groups increased stiffness, modulus, maximum stress ( Figure 2) , and dynamic modulus ( Figure 3 ) at 2 weeks and decreased tendon cross-sectional area and increased modulus ( Figure  2 ) and dynamic modulus at 8 weeks (Figure 3) . Ibuprofen had minimal effect on the viscoelastic properties of the CA groups, increasing tan(d) at only 0.1 and 1 Hz after 2 weeks, increasing tan(d) at 0.1 Hz after 8 weeks, and decreasing tan(d) at 10 Hz after 8 weeks (Appendix Figure  A1 ) with no effect on percentage relaxation.
Chronic administration of ibuprofen in the EX groups led to decreased tendon cross-sectional area (Figure 2A ) and increased dynamic modulus ( Figure 3 ) after 2 weeks and increased modulus after 8 weeks ( Figure 2B ). Ibuprofen increased tan(d) at 0.1 Hz after 2 weeks and at 0.1 and 1 Hz after 8 weeks (Appendix Figure A1 ) with no effect on percentage relaxation.
Tendon Histologic Assessment
Acute administration of ibuprofen increased cell density in the CA groups ( Figure 4A ) but had no effect on cell shape and no effect when combined with a single bout of exercise. Administration of ibuprofen for 2 weeks combined with exercise decreased cell density ( Figure 4A ). Eight weeks of ibuprofen combined with exercise led to increased cell density and rounder cells (Figure 4 ). Ibuprofen did not affect tendon collagen organization (Appendix Figure A2 , available online). Representative images of tendon histologic assessment are shown in online Appendix Figure A3 . The mild changes in cellularity and cell shape and highly organized collagen are in contrast to those seen with injury. The American Journal of Sports Medicine 
Muscle Histologic Assessment
For all groups, the average percentage of centrally nucleated fibers was less than 1%, and ibuprofen had no effect (Appendix Table A1 and Figure A4 , available online). The average total fiber cross-sectional area decreased with administration of ibuprofen at 2 weeks in the EX group and at 8 weeks in both the CA and EX groups ( Figure 5 and Appendix Figure A4 ).
Muscle fiber-specific changes were also evident with administration of ibuprofen. Similar to what has been shown previously, 3 (Table 1 ). In the deep region of the muscle, ibuprofen increased the percentage of MyHC-IIx positive fibers in the EX8IBU group (Table 1) . Ibuprofen significantly decreased the cross-sectional area of MyHC-IIb positive fibers in the superficial region of the EX2IBU group and the MyHC-IIa positive fibers in the superficial region of the CA8IBU group (Table 2) . No ibuprofen-induced, fiber type-specific cross-sectional area measurements were found in the deep region of the supraspinatus muscle.
DISCUSSION
In contrast to our hypothesis, results suggest that chronic intake of ibuprofen at pharmacologic doses does not detrimentally affect supraspinatus tendon mechanical adaptations to exercise. Tendon mechanical properties were not diminished and in some instances increased with ibuprofen. This finding suggests that the arachidonic acid cascade may not play a major role in the adaptations of tendon to load in a noninjurious exercise model, in contrast to results seen with acute injury models (eg, Almekinders and Gilbert, 1 Connizzo et al, 8 Hammerman et al, 10 Obremsky et al 18 ). However, total muscle fiber cross-sectional area decreased with ibuprofen at the chronic response times, and some fiber type-specific changes were detected, indicating that chronic administration of ibuprofen affects hypertrophy of sedentary and exercised supraspinatus muscles. Our results support that taking ibuprofen while engaging in exercise could interfere with muscle hypertrophy but does not negatively affect the supraspinatus tendon.
Before elucidating the mechanisms by which ibuprofen affects supraspinatus muscle and tendon, this initial study was necessary to first determine the changes specific to the supraspinatus muscle and tendon across a variety of time points, which has not been done previously. The results of this study confirm those found in prior literature using different models and tissues, and the current study adds to the growing body of literature on the effects of NSAIDs on musculoskeletal tissues by examining simultaneously the supraspinatus muscle and tendon responses to both acute and chronic exercise.
Previous in vitro studies on tenocytes have shown that ibuprofen reduces proliferation 34 and migration, 33, 34 increases matrix metalloproteinase (MMP) expression, and has no effect on collagen types I or III. 32 A tendonbone healing coculture model has shown that COX inhibition leads to reduced cell viability, proliferation, and migration. 26 Although these studies suggest important effects of NSAIDs on tendon, they were not designed to replicate in vivo conditions. Current literature on the in vivo effects of NSAIDs on tendon and muscle is unclear. Previous studies on tendon have reported the acute effects of ibuprofen combined with exercise to include decreases in collagen synthesis 6 and blood flow 13 or minimal effects. 21 In our study, we detected an acute decrease in tendon cross-sectional area and increase in tendon modulus when ibuprofen was combined with a single bout of exercise; however, since this study investigated only a single acute response time (24 hours after exercise), it is unknown whether these changes represent delayed or accelerated recovery.
Confirming a previous study, 3 we detected apparent regional differences in muscle fiber type distribution within the supraspinatus, and future studies should investigate the functional implications of these 2 distinct regions. Our finding of decreased muscle fiber cross-sectional area supports a previous study which showed that ibuprofen reduced muscle hypertrophy in rats. 28 Furthermore, while some studies have found no changes in myofibrillar and collagen protein synthesis in muscle with administration of NSAIDs 16, 20 in subjects given ibuprofen in conjunction with high-intensity eccentric resistance exercise, skeletal muscle fractional synthesis rates were attenuated, implying that the drug suppressed the beneficial muscle protein synthesis response to exercise. 31 Other studies have shown that acute administration of NSAIDs led to fewer muscle satellite cells. 15, 17 Finally, prostaglandin F 2a (PGF 2a ) is thought to be a regulator of muscle protein synthesis, contributing to muscle hypertrophy. 30 Prostaglandins are a downstream product of COX activity, so ibuprofen may decrease PGF 2a production. After a single bout of exercise combined with ibuprofen, reduced muscle protein synthesis, decreases in satellite cells (which are thought to mediate hypertrophy 24 ), or reduced PGF 2a may have led to the decreased muscle fiber cross-sectional area we measured chronically. Future studies should measure the acute effects of this exercise protocol on these parameters. Overall, the highly organized structure of the tendon collagen and the very few muscle fibers with centrally located nuclei in this study suggest that the tissues in this study were healthy and were not damaged by ibuprofen.
In general, muscle is more responsive to exercise than is tendon, implying that different processes regulate the adaptations of these tissues to load. Supporting this, in a gene screening study, we found distinct responses of supraspinatus muscle and tendon to both acute and chronic exercise. 23 Therefore, treatments like ibuprofen would have tissue-dependent and activity-dependent effects that must be considered when one is making clinical recommendations for treatment.
This study is not without limitations. First, muscle fiber type was measured only in the chronic groups, and MyHC-IIx was left unstained and unanalyzed. Some of the decreases in total fiber cross-sectional area could be due to changes in MyHC-IIx, which were not measured; however, the decreases in total muscle fiber cross-sectional area do include MyHC-IIx fibers and therefore represent the global changes to the muscle. Additionally, it is unknown whether the measured decreases in muscle fiber cross-sectional area and altered fiber type distributions lead to functional differences of the whole muscle. Physiologic muscle assays were not performed in the current study in an effort to reduce the number of animals required. The results of this study provide evidence for future investigations on the physiologic properties of the muscle, including force production, fatigue, and contractile properties, and more specific hypotheses with focused comparisons can be performed in these future studies. Satellite cell recruitment should be examined, as these cells have been implicated in muscle responses to exercise and some studies suggest that NSAIDs inhibit these cells. Additionally, this study investigated a single exercise protocol, and it is unknown how ibuprofen may affect supraspinatus tendon and muscle with a more intense exercise protocol; however, this protocol has previously been shown to induce beneficial adaptations to the rat shoulder without inducing chronic injury, 22, 23 indicating that it is a physiologically relevant model of noninjurious exercise. Future studies can investigate effects of ibuprofen when combined with other loading conditions such as overuse or underloading by immobilization. The current study used young adult animals, but baseline inflammation increases with age; therefore, effects of ibuprofen may differ in aged populations and should be investigated further. Because this study investigated ibuprofen, a commonly consumed and clinically relevant nonspecific COX inhibitor, conclusions cannot be drawn regarding the implications of COX-1 or COX-2 specific inhibition; future studies could also investigate specific inhibitors.
Furthermore, in the current study, ibuprofen was administered daily for the entire duration (2 or 8 weeks); however, biological processes governing early and later adaptations to exercise may differ, supporting exploration of temporal administration of the drug. Finally, future studies should investigate the structural protein changes within the tissue that lead to the detected changes as well as the baseline and exercise-induced temporal expression of COX enzymes and other arachidonic acid cascade proteins, vascularity, blood flow, angiogenesis, MMPs and tissue inhibitors of metalloproteinases (TIMPs), inflammatory cells, and cytokines and chemokines.
In conclusion, chronic administration of ibuprofen does not impair supraspinatus tendon mechanical properties in a rat model of exercise but does decrease supraspinatus muscle fiber cross-sectional area. Clinically, these findings suggest that ibuprofen does not detrimentally affect regulation of supraspinatus tendon adaptations to exercise but does decrease muscle growth. Individuals should be advised on the risk of decreased muscle hypertrophy when consuming ibuprofen. This fundamental study adds to the growing literature on the effects of ibuprofen on musculoskeletal tissues and provides a solid foundation on which future work can build.
